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Medford, MassachusettsABSTRACT The contribution of ionic interactions to the stability of the collagen triple helix was studied using molecular
dynamics (MD) simulations and biophysical methods. To this end, we examined the stability of a host-guest collagen model pep-
tide, Ac-GPOGPOGPYGXOGPOGPO-NH2, substituting KGE, KGD, EGK, and DGK for the YGX sequence. All-atom, implicit
solvent MD simulations show that the fraction of cross-chain ionic interactions formed is different, with the most pronounced in
the KGE and KGD sequences, and the least in the DGK sequence. To test whether the fraction of cross-chain ionic interactions
correlates with the stability, experimental measurements of thermostability were done using differential scanning calorimetry and
circular dichroism spectroscopy. It was found that the melting temperature is very similar for KGE and KGD peptides, whereas
the EGK peptide has lower thermostability and the DGK peptide is the least thermostable. A novel, to our knowledge, compu-
tational protocol termed temperature-scan MD was applied to estimate the relative stabilities of the peptides from MD simula-
tions. We found an excellent correlation between transition temperatures obtained from temperature-scan MD and those
measured experimentally. These results suggest the importance of cross-chain ionic interactions for the stability of collagen
triple helix and confirm the utility of MD simulations in predicting interactions and stability in this system.INTRODUCTIONCollagen is one of the most abundant proteins in eukaryotes,
constituting almost a quarter of all proteins in humans. The
molecular structure of collagen consists of three type II
polyproline helices wrapped around each other to form a
right-handed triple-helix superstructure. This triple-helix
conformation is stabilized by the distinctive amino acid fea-
tures of collagen, including the presence of Gly as every
third residue, (Gly-X-Y)n, to allow close packing of the
three chains, and a high content (~20%) of imino acids in
the X and Y positions to stabilize the extended polyproline
structure of the individual chains. Pro is found only in the X
position, whereas hydroxyproline (Hyp, one-letter code O)
is formed in the Y position as a result of postranslational
modification of Pro and is considered to contribute addi-
tional stability due to stereoelectronic effects and involve-
ment in the hydration network (1). In addition to imino
acids, stabilization is attributed to ionizable amino acid res-
idues that are also frequently found in collagen sequences
(2–5). It is important to note that 40% of GXY triplets (in
type I collagen) contain at least one ionizable residue and
20% of residues in both X and Y positions contain ionizable
side chains (6–12). Although all residues in the X and Y
positions are highly exposed to solvent, it has been sug-
gested that ionic interactions between chains may contribute
significant stabilization to the triple helix, as well as being
important for intermolecular interactions in collagen fibrilsSubmitted June 12, 2013, and accepted for publication August 9, 2013.
6Neelam Keshwani and Shounak Banarjee contributed equally to this
work.
*Correspondence: makhag@rpi.edu
Editor: Bertrand Garcia-Moreno.
 2013 by the Biophysical Society
0006-3495/13/10/1681/8 $2.00and for binding to other matrix proteins and cell receptors
(6). The linear, extended nature of the chains within the tri-
ple helix limits potential intramolecular electrostatic inter-
actions to residues that are close in the Gly-X-Y repeating
sequence, such as GEK/GKE, KGE/EGK, or perhaps
GEOGPK. Definition of the nature, geometry, asymmetry,
and stabilizing contributions of interchain salt bridges is
important for understanding the basis of collagen stability.
The electrostatic interactions between oppositely charged
residues within a collagen triple helix appear to have a very
high degree of stereospecificity, related to triple-helix geom-
etry and the potential for other interactions. For instance, the
thermal stabilities of host-guest peptides indicate relative
stabilizing contributions of KGE >> GEOGPK > GEK,
even though these peptides all have the same amino acid
compositions. In animal collagens, the strong preference
for basic residues in the Y position and the significant
preference for acidic residues in the X position lead to
frequent occurrences of GXYþ and YþGX sequences.
The one-residue stagger between the three chains sets up
the potential for a cross-chain network of stabilizing
ionic interactions or salt bridges within the triple helix
(2,6,13,14). The sequences KGE and KGD were found to
be highly stabilizing in host-guest triple-helical peptides
and to occur far more frequently than expected (2).
Modeling and NMR studies identified three potential
interchain salt bridges in the triple helices containing the
sequences KGE and KGD (2,3). Two of these salt bridges
are designated as axial, defined as parallel to the direction
of the helix, whereas the third one is designated as lateral,
defined as perpendicular to the direction of the helix
(Fig. 1). These systems offer a unique opportunity to explorehttp://dx.doi.org/10.1016/j.bpj.2013.08.018
FIGURE 1 Schematic representation of axial and lateral interchain inter-
actions between oppositely charged residues in collagen, based on Fallas
et al. (3).
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bility for triple-helical peptides with the identical amino
acid contribution, such as KGE versus EGK. It is known
that the significant side-chain flexibility and the presence
of a hydration network can influence the potential for salt
bridge formation. Despite the modeling and NMR data,
the question remains whether the interchain salt bridges
actually form, and if they do, what is their relative popula-
tion? To address this question, conventional molecular
dynamics (CMD) simulations in explicit solvent were car-
ried out on (GPO)2GPYGXO(GPO)2 peptides containing
KGD and KGE, which showed highly occupied direct ion
pairs and water-mediated ionic interactions. To further
clarify the stereospecificity of ion pairs, MD simulations
were computed for triple-helical peptides containing
reversed sequences, comparing EGK with KGE, and DGK
with KGD. Experimental studies were also carried out on
the reversed-charge peptides. The results indicated that the
reversal of charges lowered thermal stability, which corre-
lated with low occupancy of ion pairs and water-mediated
ionic interactions.MATERIALS AND METHODS
CMD simulations
Peptide models with capped ends (acetylated N-terminus and amidated
C-terminus) were built from the x-ray structures of 1QSU for the peptide
(POG)4EKG(POG)5 (15). The sequence was substituted to create
AcGPOGPOGPYGXOGPOGPO-NH2, where YGX was KGE, KGD,
EGK, or DGK. To reduce the size of the system, sequences used in the
CMD simulations were shorter by two GPO triplets than those studied
experimentally (see below). The peptide was minimized for 1000 steps
using the steepest-decent algorithm. The minimized structures were sol-
vated with 8510 TIP3P water molecules (16,17) using GROMACS 4.5.4
with the amber99sb force field (18). The temperature was increased in 50
K increments using 2 ns equilibration steps at each temperature until it
reached 300 K, at which 20 ns equilibration was performed. The final simu-
lation was performed, at the least in triplicate, at 300 K and 1 atm for up to
100 ns. The temperature was controlled using a Nose´-Hoover thermostat
with a 1 ps coupling time (19,20) and the pressure was controlled using aBiophysical Journal 105(7) 1681–1688Parrinello-Rahman barostat (21,22) with a 1 ps coupling time. The protein
and solvent were coupled to independent temperature baths. The system
compressibility was set to 4.6 105 bar1. Long-range electrostatic inter-
actions were calculated using particle-mesh Ewald (PME) (23) with a grid
spacing of 1.2 A˚ and cubic interpolation. van der Waals energies were cut
off at 10 A˚. A 2 fs time step was used and the nonbonded list was updated
every 10 steps. Each productive run ranged between 50 ns and 100 ns, with
a total minimal simulation time/peptide of 300 ns. The triple-helix structure
remained stable throughout the simulation.
In light of recent modifications to the amber force field that optimized the
rotamers for ILDN residues (amber99ILDN (24)), we performed simula-
tions with this force field as well. We found that amber99ILDN qualita-
tively does not change the results obtained using amber99sb. As this
force field modification is yet to be confirmed using quantum mechanical
calculations, we present only the data obtained using amber99sb. Finally,
during the progress of the work, x-ray structures for KGE and KGD pep-
tides (POG)3PKGEO(POG)4 and (POG)3PKGDO(POG)4 became available
(PDB codes 3T4F and 3U29 (3)). These structures were also used for model
building for MD simulations and were found to produce identical results
(data not shown).Temperature-scan MD simulations
Structures equilibrated at 300 K during CMD (see above) were subjected to
simulations at increased temperature using essentially the same protocol,
with the exception that the volume of the system was constant. Temperature
was increased sequentially, and at each temperature CMD was run for 15 ns
using five independent replicas. The frames at the end of each run were
starting structures for the next run, in which the temperature was increased
by 20–40 K up to 640 K. In additional control experiments performed
for KGE and EGK peptides, equilibration at each step was twice as
long (30 ns). Productive runs (last 10 or 25 ns) were analyzed in terms of
average root mean-square fluctuation (<RMSF>) and root mean-square
deviation (<RMSD>) for the backbone atoms using GROMACS analysis
functions.Experimental measurement of stability of
collagen peptides
Peptides used in this study were synthesized by Tufts University Core Fa-
cility (Boston, MA) and had the following sequences (GPO)3-GPKGEO-
(GPO)3GY, (GPO)3-GPEGKO-(GPO)3GY, (GPO)3-GPKGDO-(GPO)3GY,
and (GPO)3-GPDGKO-(GPO)3GY. Peptides were acetylated at their
N-termini and amidated at their C-termini for enhanced stability at the
termini, and a Tyr was included at the C-terminus for accurate concentra-
tion determination (molar extinction coefficient ¼ 1400 M1 cm1). Pep-
tides were dissolved in phosphate-buffered saline (PBS) buffer (0.15 M
NaCl and 10 mM sodium phosphate at pH 7.0) and equilibrated at 4C
for at least 48 h before the experiments.
Circular dichroism (CD) spectra were measured on an AVIV Model 420
CD spectrometer equipped with a Peltier temperature controller (Aviv
Biomedical, Lakewood, NJ) using cuvettes of 1 mm path length. Wave-
length scans were collected from 190 to 260 nm in 0.5 nm steps with a
4 s averaging time and a 1.0 nm bandwidth and were repeated three times.
Based on the procedures described in Persikov et al. (25), temperature scans
were monitored from 10C to 60C at a wavelength of 225 nm with a 10 s
averaging time and 1.5 nm bandwidth, giving an average heating rate of
0.1C/min. The melting temperature (Tm) was calculated as the temperature
at which the fraction folded was equal to 0.5 when fit to a trimer-monomer
transition. Differential scanning calorimetry (DSC) experiments were car-
ried out on a NANO DSC II (Model 6100, Calorimetry Sciences, Lindon,
UT). The peptide solutions were dialyzed in the respective buffers at 4C
and equilibrated for a minimum of 48 h at 5C before measurements. Sam-
ples were heated at a constant rate of 1C min1. The calorimetric enthalpy
Cross-Chain Ionic Interactions in Collagen 1683of unfolding was calculated from the first scan, because the scans were not
reversible upon cooling.RESULTS
Molecular dynamics of KGE/KGD/EGK/DGK
sequences within a collagen triple helix
To investigate the molecular basis of the stability of KGE/
KGD sequences within the triple helix, CMD simulations
in explicit solvent at 300 K were carried out on triple-helical
collagen model peptides with sequence Ac-GPOGPOGPY
GXOGPOGPO-NH2, where a YGX sequence near the mid-
dle of the sequence is replaced by KGE and KGD. The
results of these simulations were analyzed to evaluate the
probabilities of ionic interactions between oppositely
charged residues. The staggering of the three chains in a tri-
ple helix gives rise to a leading chain (A), a middle chain
(B), and a lagging chain (C). Within the triple helix, it is
possible to form ion pairs between residues in the Y position
of the leading chain and the X position of the middle chain;
between residues in the Y position of the middle chain and
the X position of the lagging chain; and between residues in
the Y position of the lagging chain and the X position of the
leading chain. Due to the pseudosymmetry of the collagen
triple-helical structure, and the fact that every third residue
in the sequence is invariably a Gly, there are potentially
three interchain interaction pairs when oppositely charged
residues are in the Y and X position of the YGX sequence:
YA and XB, YB and XC, and YC and XA. Of these, two pairs
YAXB and YBXC are axial, aligned largely along the triple
helix, and one pair, YCXA, is lateral, with the potentially
interacting side chains aligned more perpendicular to the
triple helix (see Fig. 1). One key parameter to define theA B
C Dstrength of ionic interactions is the distance between inter-
acting groups (26–28). For simplicity, the distances were
defined between the Nε of lysine and the Cg or Cd of aspar-
tate or glutamate, respectively. The probability distributions
of these distances measured for all frames during each pro-
duction run of CMD simulations and averaged over several
replicate runs are shown in Fig. 2.
For the KGE peptide, all three pairs, KAEB, KBEC, and
KCEA, show very similar distributions with two maxima,
one of larger intensity at 3.65 A˚ and a second smaller
peak at 5.4 A˚ (Fig. 2 A). The maximum at 3.65 A˚ corre-
sponds to a direct interchain ionic interaction or salt bridge,
which, according to Thornton (29) and Honig (30), is oper-
ationally defined as an ionic interaction with a distance
of <4 A˚ between the Nε of Lys and the Cg or Cd of Asp
or Glu, respectively. The second maximum, at 5.4 A˚, corre-
sponds to a solvent-mediated ionic interaction (water mole-
cule bridging interactions between the Nε of Lys and the
Cd). This can be confirmed by analyzing the 2D distribution
of the solvent around atoms forming the ionic interaction.
For each pair with distances between 4.4 and 6.4 A˚, we
calculated the volume-normalized probability of finding a
water oxygen atom within 6 A˚ of distance from the Nε of
Lys (R1) and the Cd(R2). An example of such a 2D distribu-
tion for the KAEB pair is shown in Fig. 3. It shows that there
is high probability of finding a water molecule bridging the
interaction between positively charged Lys and negatively
charged Glu. The asymmetric position of the peak relative
to the R1 and R2 distances is due to the fact that the
water hydrogen(s) is preferentially interacting with Glu
whereas the water oxygen preferentially interacts with
Lys (see Fig. 3). The direct axial ionic interactions KAEB
and KBEC in the KGE peptide are formed 70 5 7% andFIGURE 2 Distribution of distances between
oppositely charge residues in the YGX peptide
series from MD simulations at 300 K for KGE
(A), KGD (B), EGK (C), and DGK peptides (D).
Vertical notches indicate the mean 5 SD calcu-
lated from at least three independent runs.
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FIGURE 3 Water-mediated ionic interactions. (A) Normalized 2D radial distribution of water oxygen from KA(Nε) (R1) and EB(Cd) (R2) in the KGE pep-
tide for distances from Nε to Cd between 4.5 A˚ and 6.1 A˚, i.e., corresponding to the peak with a maximum at 5.4 A˚ in Fig. 2 A. (B) Definition of R1 and R2
distances shown in A. (C) Illustrative location of water molecule relative to KA and EB.
1684 Keshwani et al.605 7% of the time, respectively. The direct KCEA lateral
interaction is formed 455 4% of the time. However, if we
count both direct and solvent-separated interactions
together, they are formed 88 5 12%, 92 5 12%, and
775 7% of the time for the KAEB, KBEC, and KCEA pairs,
respectively.
The KGD peptide shows a somewhat different pattern of
ionic interactions than the KGE peptide (Fig. 2 B). The dis-
tribution for the axial interactions for KADB and KBDC pairs
shows two maxima, one smaller, at 3.3 A˚, corresponding to
the direct ionic interactions, and a second larger peak at
5.2 A˚ that corresponds to the solvent-mediated ionic inter-
action. The direct axial interactions KADB and KBDC are
formed only 24 5 3 and 35 5 8% of time, whereas
solvent-mediated interactions are formed 60 5 8% and
535 14% of the time, respectively. The lateral interaction
KCDA forms a direct ionic interaction 625 7% of time and
solvent-mediated interactions 205 10% of time. The com-
bined direct and solvent-separated interactions in the KGD
peptide are observed 84 5 8%, 88 5 14%, and 81 5
10% of the time for KADB, KBDC, and KCDA pairs,
respectively.
To further investigate the specificity of these ion pairs,
MD simulations were also carried out on triple-helical
collagen model peptides with the positions of the charges
reversed, to form EGK and DGK sequences. In the EGK
peptide, the distance distribution indicates a lower occu-
pancy of both direct and solvent-mediated interactions
than is seen for KGE (Fig. 2 C). The two axial interactions,
EAKB and EBKC, show a single peak at 3.3 A˚ that suggests
that direct interactions between these two pairs are formed
64 5 6% and 71 5 7% of the time, respectively. The sol-
vent-separated interactions for these two pairs are formed
only a small fraction of the time (8–10%). The direct lateral
interaction for the ECKA pair with a maximum of distribu-Biophysical Journal 105(7) 1681–1688tion at 3.8 A˚ is formed only 175 3% of the time. However,
a distance distribution profile for the ECKA pair (Fig. 2 C)
shows a second maximum at 5.5 A˚ (375 7%), correspond-
ing to the solvent-separated interactions. The combined
direct and solvent-separated interactions in EGK peptide
are observed 72 5 7%, 81 5 7%, and 54 5 6% of the
time for EAKB, EBKC, and ECKA pairs, respectively.
The MD results for the DGK peptide presented the most
extreme case. The simulations suggest that direct lateral
ionic interactions can be formed only a small fraction of
the time (~7%), whereas direct axial interactions are not
observed (Fig. 2 D). The solvent-mediated interactions are
somewhat more populated (10–20%) than the direct interac-
tions, but are still much lower than those seen for KGD,
KGE, and EGK. The combined direct and solvent-separated
interactions in DGK peptide are observed 205 10% of the
time for each of the DAKB, DBKC, and DCKA pairs.
Based on the results of the analysis of the KGE, KGD,
EGK, and DGK collagen model peptides, we hypothesize
that if ionic interactions are important for stability, the
KGE and KGD peptides should be the most stable, whereas
the EGK and DGK peptides should have lower stability.
Furthermore, based on this hypothesis, the prediction is
that the DGK model peptide will have much lower stability
than the EGK model peptide, because it shows a very low
fraction of ionic interactions formed during the simulations.
To this end, experimental studies have been done using
DSC and temperature-induced unfolding monitored by CD
spectroscopy.Experimental studies of the EGK and DGK
peptides
Previous studies on host-guest triple-helical peptides of
the form (GPO)3-GP-YGX-O(GPO)3GY indicated a major
AB
FIGURE 4 Temperature-induced transitions in the studied peptides:
(from left to right) DGK, EGK, KGD and KGE. (A) Temperature depen-
dence of the ellipticity at 225 nm monitored by CD spectroscopy. (B)
DSC scans showing the temperature dependence of excess heat capacity
for peptides. Experiments shown on both panels were performed with pep-
tide concentration of 1 mg/mL in PBS at pH 7.0.
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Inspired by the CMD simulations described above, homolo-
gous peptides were synthesized to reverse the positions of
the oppositely charged residues to form EGK and DGK
sequences. The EGK and DGK peptides, like the previously
studied KGE and KGD, show a typical triple-helix CD spec-
trum with a maximum near 225 nm and a minimum near
198 nm. The absolute values of ellipticities at 225 nm and
0C are very similar, suggesting that all four peptides adopt
a similar triple-helical structure (see Table 1). The tempera-
ture-induced unfolding was monitored by the changes in the
mean residue ellipticity at 225 nm at a very slow heating rate
of 0.1C/min (Fig. 4 A). The transition temperatures for the
KGE (475 1C) and KGD (455 1C) peptides were found
to be similar to those reported by us previously (see Table 1).
The Tm for the EGK peptide was observed to be 375 1
C,
significantly lower than those for the KGE and KGD pep-
tides. The Tm for the DGK peptide was observed to be
33 5 1C, the lowest among the four studied peptides.
Overall, it appears that the relative position of oppositely
charged groups has a significant effect on the stability of
model peptides (Table 1). The EGK peptide is 10C less sta-
ble than KGE, and the DGK peptide is 12C less stable than
the KGD peptide, even though the amino acid compositions
are the same in each peptide pair.
DSC studies show a similar relative pattern of thermal
stabilities for all peptides, with higher thermal transition
values observed by DSC compared with CD because of
the faster heating rate (1C/min in DSC versus 0.1C/min
in CD) in these nonequilibrium conditions (25) (Fig. 4 B).
This 10-fold increase in the heating rate produces an
8–10C increase in the apparent transition temperature, sup-
porting the notion that both the denaturation and refolding
of these model collagen peptides is a very slow process.
Indeed, previous estimates for the denaturation rate
were found to be very slow: 3  105 s1 at 50C andTABLE 1 Experimental and computational parameters for
studied peptides
Peptide
MRE225nm
(deg cm-2 dmol-1)
Tm
exp
(C)
XBYA
(%)d
XCYB
(%)d
XAYC
(%)d
KGE 4470a 475 1a,b 70 5 7 605 7 455 4
575 0.5c 88 5 12 925 12 775 7
KGD 4530 455 1a,b 24 5 3 355 8 625 7
535 0.5c 84 5 8 885 14 815 10
EGK 4660 37 5 1b 64 5 6 715 7 85 5
465 0.5c 72 5 7 815 7 545 6
DGK 4100 33 5 1b ~7 ~7 ~7
415 0.5c 20 5 10 205 10 205 10
MRE225nm, mean residue ellipticity at 225 nm.
aPersikov et al. (2) reported MRE225nm ¼ 4610 for KGE and Tm ¼ 47.8C
for KGE and 47.1C for KGD from CD spectroscopy.
bObtained from CD melting profiles.
cObtained from DSC melting profiles.
dFraction of ionic interaction for individual pair obtained from CMD shown
in Fig. 2. The upper line shows direct ionic interactions, and the lower line
gives the sum of direct and water-mediated ionic interactions.4  104 s1 at 60C (31). The folding rates are even
slower, with halftimes of several minutes or even hours
(32). Under such kinetically controlled conditions, and
considering that the transition involves denaturation of
native trimer into unfolded monomers, the relative stability
must be measured at the identical concentrations and iden-
tical heating rates. For practical purposes, 1 mg/ml has
been used as a standard for all thermal unfolding experi-
ments reported here.DISCUSSION
The molecular basis of the high stability found for the KGE
and KGD sequences in the collagen triple helix (2),
compared with other closely related sequences, has been a
subject of active investigation. X-ray crystallography of
the KGD and KGE peptides showed the charged residues
involved in an ensemble of intramolecular and intermolec-
ular interactions, often involving the backbone carbonyls
or water molecules (3), and these structures were very
similar to that reported previously for a collagen peptide
with a GEK sequence (15). Direct ion pairs were found
infrequently in these structures, which it was suggested
may be due to crystal packing (3). NMR studies on the pep-
tides in solution showed distinct chemical shifts for the four
methylene protons of the Glu in chains B and C andBiophysical Journal 105(7) 1681–1688
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1686 Keshwani et al.crosspeaks between Glu(NH2) and Lys(He), as expected for
axial KAEB and KBEC interactions (4). Fallas et al. (3) used
molecular dynamics simulations to generate a family of
structures consistent with the NMR constraints, which sug-
gested the presence of two axial and one lateral salt bridge in
some triple-helical molecules. A study of the energetic
contribution of salt bridges involving KGE/KGD sequences
was also the subject of MD simulations by Gurry et al. (33).
The potential of mean force, constructed using umbrella
sampling, showed the presence of two minima, correspond-
ing to direct and water-mediated ionic interactions.
However, the energy difference between direct and water-
mediated ionic interactions was found to vary rather
significantly (from 2.5 to 15 kJ/mol) depending on which
chains contained the pair of interacting residues. Here, these
studies were extended to quantitate the population of ioniz-
able residues involved in axial and lateral ion pairs, either
directly or water-mediated, and to investigate the effect of
reversed charge positions, EGK/DGK, on the formation of
ionic interactions.FIGURE 5 Correlation between the thermostability of the peptides, the
average fraction of ionic interactions, and the transition temperature from
Tscan-MD experiments for DGK (inverted triangles), EGK (triangles),
KGD (squares), and KGE (circles). (A) Fraction of ionic interactions
(sum of direct and water-mediated interactions averaged over all three
pairs) versus experimental transition temperature from DSC or CD experi-
ments. (B) Transition temperature from Tscan-MD (see Fig. 6) versus
experimental transition temperature from DSC or CD experiments.Correlation between ionic interactions and
collagen model peptide stability
The simulations presented here suggest that interchain ionic
interactions (both direct and water-mediated) that are
formed in the KGE and KGD peptides are the most pro-
nounced (occurring 86 5 12% and 84 5 14% of the
time, respectively, averaged over all three interactions), fol-
lowed by the EGK peptide (695 10%), whereas the DGK
peptide shows the smallest fraction of ionic interactions
formed (20 5 10%). If these ionic interactions make a
major contribution to the stability, there should be a correla-
tion between the experimentally observed melting tempera-
ture and the fraction of ionic interactions. The melting
temperatures do indeed show a correlation with the fraction
of ionic interactions present (Fig. 5 A). Transition tempera-
tures measured experimentally, either by DSC or CD, are
similar for KGE and KGD peptides, and are lower in
EGK and DGK peptides, with the DGK peptide having
the lowest Tm value. This correlation provides indirect sup-
port for the hypothesis that interchain ionic interactions
modulate the stability of these collagenlike peptides and
suggests a role in stability for indirect water-mediated inter-
actions as well as direct interactions. However, the observed
correlation between the average fraction of ionic interac-
tions and transition temperature does not directly relate sta-
bility from MD simulations to experimental parameters.Temperature stability from MD simulations:
Tscan-MD
To further investigate the role of ionic interactions in the
stability of XGY peptides, we performed Tscan-MD simula-
tions (see Materials and Methods for details). In this proto-Biophysical Journal 105(7) 1681–1688col, short conventional MD (all-atom, explicit-solvent)
simulations are performed continuously as the temperature
is changed in steps from low to high. After short equilibra-
tion, the temperature is increased and equilibrated again for
the same amount of time. The process was repeated until the
temperature reached 640 K. This emulates a nonequilibrium
denaturation of collagen peptides in DSC or CD-melt exper-
iments. Since the heating schedules are kept the same in the
Tscan-MD experiment, the midpoint of temperature upon
the loss of native conformation can be considered as an
apparent transition temperature. Fig. 6 A shows the Tscan-
MD profiles for the KGE, KGD, EGK, and DGK peptides,
where the changes in the averaged backbone RMSF
(<RMSF>) are plotted as a function of the simulation tem-
perature. At low temperature (300 K, all peptides show low
values of <RMSF>, corresponding to the structural fluctu-
ations around the native state (see Fig. 6 B, which shows the
<RMSD> from the native structure as a function of temper-
ature). As the temperature increases, the <RMSF> values
increase in a sigmoidal fashion. The changes in <RMSF>
are concomitant with the changes in <RMSD> (Fig. 6, A
and B). The midpoint of the transition is similar for KGE
and KGD peptides, in agreement with DSC or CD-melt
experimental data showing that these peptides have similar
AB
FIGURE 6 Changes in average RMSF (A) or average RMSD (B) for
KGE (circles), KGD (squares), EGK (triangles), and DGK (inverted
triangles) as a function of temperature in Tscan-MD experiments with
15 ns equilibration time at each temperature. Gray symbols and dashed
lines for KGE and EGK represent results of Tscan-MD experiments per-
formed with 30 ns equilibration (see text for details) and are clearly offset
from the 15 ns equilibration data.
Cross-Chain Ionic Interactions in Collagen 1687Tms (see Table 1 and Fig. 4). The Tscan-MD also shows that
the EGK peptide has a lower apparent Tm than the KGE or
KGD peptide, whereas the DGK peptide has the lowest
apparent Tm (Fig. 6 B).
There is a noticeable disparity in the temperature ranges
of denaturation for the studied peptides in the experiment
and in simulations (see Figs. 4 and 6). This is related to
several intrinsic factors, such as the known deficiencies of
force fields in reproducing accurate thermodynamics and/
or sampling issues (34–37). However, the most important
cause of this disparity is probably that the relaxation times
of the system are very slow compared to the simulation
time. Experiments show that temperature-induced unfolding
of the model peptides studied here has strong dependence on
the heating rate. Increasing the heating rate from 0.1C/min
to 1C/min leads to an 8–10C increase in the apparent tran-
sition temperature (see Table 1 and Fig. 4). Such an effect of
heating rate on transition temperature can be simulated in
the Tscan-MD by increasing the time of equilibration at
each temperature. Fig. 6 compares the profiles obtained
for the EGK and KGE peptides with the equilibration steps
of 15 ns and 30 ns. It is noticeable that the apparent transi-
tion temperature decreases by ~10 K at longer equilibration
times. This supports the notion that the Tscan-MD employsa very fast heating rate that pushes the apparent transition
temperature to much higher values. Assuming that relaxa-
tion rates of the studied model peptides are not very
different, the transition temperatures obtained from
Tscan-MD can serve as a qualitative measure of the ther-
mostability. This allows us to conclude that the results of
Tscan-MD are in excellent qualitative agreement with the
experimental values obtained by DSC or CD-melt experi-
ments (Fig. 4). Such agreement between experimental and
calculated temperature stabilities further supports the notion
that the extent of ionic interactions in these peptides modu-
lates their stability.Concluding remarks
An asymmetry in electrostatic stabilization is reported here,
where reversing the positions of oppositely charged resi-
dues, EGK versus KGE and DGK versus KGD, significantly
reduces the thermal stability of the triple helix. MD simula-
tions indicate that this decreased stability is related to the
reduced formation of direct and solvent-mediated ion-pair
interactions. This supports a strong stereospecificity for sta-
bilizing ion-pair interactions within the triple helix, where
the side chains are significantly exposed to the solvent and
may be involved in water-mediated interactions related to
an extensive hydration network involving backbone car-
bonyls. The ability to quantitate direct and water-mediated
ion-pair interactions using MD and to calculate relative ther-
mal stabilities using Tscan-MD will allow investigations of
more complex and extensive charged sequences frequently
found in collagens. It will also facilitate examination of
the role of ion pairs in heterotrimer formation and the effects
of collagen mutations on nearby ion pairs.
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